We present detailed ab initio scattering calculations using the R-matrix method for electron collisions with the most stable conformer of α-alanine. The shape resonances we identify are in good agreement with earlier calculations and experiments.
I. INTRODUCTION
Understanding and modelling the effect of ionizing radiation on biological matter requires, among other data, information on how low energy electrons interact with the molecules in the medium 1 . One of the most relevant electron-induced processes is dissociative electron attachment (DEA), that leads to the break-up of the target via the formation of a temporary negative ion or resonance. For this reason, both DEA and resonance formation in biological molecules has received significant attention over the last couple of decades 2 . Both experimental and theoretical work has focused mainly on DNA constituents, as DNA is the most radiation-sensitive component of a cell. However, other cell constituent are also affected by radiation and their damage could have biological effects. Proteins are one such molecule;
similarly to the case of DNA, experiments and calculations have focused on the building blocks of proteins, aminoacids, as these are easier to investigate. Glycine, the simplest aminoacid, has been the most widely studied 1 but results are also available for several others, among them alanine. All the investigated aminoacids show the presence of a low-lying π * shape resonance associated to the double C=O bond of the carboxyl group.
Aflatooni et al. 3 used electron transmission spectroscopy (ETS) to determine vertical attachment energies for the lowest-lying temporary anion state of five aminoacids in the gas phase: glycine, alanine, phenylalanine, tryptophan, and proline. In alanine, they found the π * resonance around 1.8 eV.
Several theoretical methods have been applied to the study of shape resonances in alanine. Panosetti et al. 4 performed calculations that investigated resonance formation and fragmentation for the four smallest aminoacids. A resonance centred at approximately 3 eV was detected for all of them, corresponding again to the π * resonance. Several higher energy (above 9 eV) shape resonances were also identified and discussed by these authors.
Fujimoto et al. 5, 6 used the R-matrix method to investigate shape resonance formation for the nine lowest-energy conformers of α-alanine. Two resonances were identified for all conformers: the π * resonance already mentioned, found in the energy range 2.5-3.2 eV and another shape resonance located in the energy range 9.0-9.8 eV. A third resonance, lying energetically between these two, was identified for the conformers with the largest dipole moment, but not discussed. More recently, Nunes et al. 7 used the SMC method to study both positron and electron elastic scattering from alanine. 
II. THE R-MATRIX METHOD
The R-matrix method has been extensively applied to the study of electron-molecule collisions at low energies. Since the details of the method have been described elsewhere 13 ,
here we summarise its basic underpinning ideas and how it is applied. Our calculations have been performed within the fixed-nuclei approximation; in other words, we have neglected nuclear motion and kept nuclei fixed in the ground state equilibrium geometry of the target molecule. We have used the UKRmol+ suite 14,15 , a completely re-engineered version of the UKRmol suite 16 that enables, among other things, the use of larger R-matrix radii.
The R-matrix method is based on the division of space into and inner and outer region, separated by a sphere of radius a. In the inner region, the scattering electron is indistinguishable from the target electrons and therefore exchange and correlation effects must be taken into account. In the outer region, the scattering electron becomes distinguishable and exchange between it and electrons of the target molecule can be neglected. In order for the method to be valid, the R-matrix radius a must be such that the charge densities of all target electronic states of interest (as well as the (N+1)-electron configurations χ i , see below) are negligible in the outer region.
In the inner region, the set of basis functions Ψ k that describe the target plus scattering electron, i.e. the (N+1)-electron system, are expanded as follows: In the outer region, the interaction potential between the scattering electron and the target molecule is approximated by a single-centre multiple expansion potential. The basis functions Ψ N +1 k are used to construct the R-matrix at the boundary between the regions. This R-matrix is propagated to an asymptotic region where, by matching with known asymptotic expressions, the K-matrix is determined. All relevant scattering quantities can be extracted from the K-matrix or the T-and S-matrices obtained from it. In the more sophisticated close-coupling (CC) model, a number of target electronic excited states are included in expansion (1) . A complete active space (CAS) approach is used to describe these states. Two types of L 2 configurations are used: (i) those in which the scattering electron is allowed to occupy one of the orbitals in the active space; (ii) those in which the scattering electron is allowed to occupy a set of VOs.
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In scattering calculations, one should ensure balance: the description of the N-electron target states Φ i and the( N+1)-electron basis functions Ψ N +1 k should be of the same quality.
In practice, this means that the number of VOs used for the χ i should be chosen carefully, to avoid either under or overcorrelating the wavefunctions.
In order to identify and characterise the resonances of alanine we analysed the eigenphase sum, and the time-delay 18 . A resonance appears in the eigenphase sum as a jump of approximately π radians 19 that can be fitted with the Breit-Wigner formula. In the case of the time-delay, resonances appear as Lorentzian peaks in the largest eigenvalues of the Q-matrix 20 that can also be fitted with a relatively simple formula. Therefore, the position and width of resonances can be determined from these fits.
III. CHARACTERISTICS OF THE CALCULATION
Alanine, see chemical structure of conformer I in Figure 1 , is a molecule with no symmetry that belongs to the C 1 point group; it has 48 electrons. There are several low-lying structural conformers of this molecule [23] [24] [25] whose energy is very close; for this reason, several of these can coexist in the gas used for experiments.
Through the potential energy surface analysis for neutral α-alanine, Császár 24 found 13 conformers, and determined several of their properties: conformer I, identified as the most stable, has been our choice for this study. Császár's calculations are in good agreement with the more recent work by Jarger et al. 26 . The electronic excited states of alanine were studied by Osted et al. 27 using a coupledcluster approach: they identified nine electronic excited states (singlets and triplets) within 
A. Target model
In our calculations, we have used the ground state equilibrium geometry of conformer I determined by Császár 24 at the MP2 level of theory. HF and state-averaged CASSCF calculations (SA-CASSCF) have been performed and a number of basis sets tested: 6-31G*, 6-311G**, 6-311++G** and cc-pVDZ. Several active spaces, (8, 6) , (10, 6) and (8, 8) and state-averaging schemes (including the 2, 3 and 4 lowest energy states) were also tested, to find the best model for the description of the ground and excited states of alanine. These calculations were performed using the MOLPRO suite 29 .
The best results for the excitation thresholds and dipole moment of the ground state were obtained using the (8,6) The somewhat limited models used in R-matrix calculations for the description of the electronic states tend to lead to higher excitation thresholds than those determined experimentally or with more accurate computational methods. In the case of alanine, however, the first five excitation thresholds are smaller (by around 0.5 eV) than those in the literature.
This points to a poorer description of the ground state than the excited states.
B. Scattering model
The R-matrix radius was set to a=18 a 0 and GTOs with l ≤5 were used to describe the scattering electron. The exponents of the continuum GTOs with l ≤4 were optimized by M.
Tarana 30 and those for the 7 GTOs with l=5 were optimized by us (the exponents used were the resonances is achieved. Using this procedure we determined the optimal number of VOs to be 35 for the SEP calculation while all 100 VOs were needed in the CC one. Figure 2 shows the time-delay for SE and SEP calculations. At SE level, the first resonance appears above 4 eV and a second one appears as a bump centred at around 12.5 eV.
IV. RESULTS

A. Shape resonances
At SEP level, we can clearly identify two broader peaks: one at 2.65 eV that corresponds to the well known π * resonance, and another one at 6.14 eV. The second resonance has not been identified before and it does not have a corresponding feature in the SE cross section.
For this reason, we assigned it mixed shape core-excited character (the resonance is also visible in both elastic and inelastic cross sections calculated at CC level; see later).
Due to the presence of a large number of pseudoresonances above 8 eV, it is not possible to identify in the time-delay a feature that would correspond to the SE resonance found at 12.5 eV: other SEP calculations (see Table III ) place this resonance around 9-10 eV. Given the ∼2 eV shift of the π * when polarization is included in the modelling (i.e. when going from the SE to the SEP calculation), we would expect this resonance to appear around or below 10.5 eV in the SEP time-delay. The cross section, see Figure 3 shows a very wide peak shows an increase of approximately 2π in the energy range 7-13 eV, although the structure associated to the pseudoresonances makes it difficult to ascertain this with confidence. There is therefore some indication that one or two wide resonances could be present in the 7-13 eV energy range. As already stated, the 6.14 eV resonance is not present in earlier calculations. In particular, it does not appear for this conformer in the earlier R-matrix calculations of Fujimoto et al. although two other conformers did show the presence of a wide resonance around 8 eV.
Those calculations used a more compact basis set, and consequently a smaller R-matrix radius. In order understand the difference between ours and those R-matrix calculations, we performed two tests. First, we run a calculation using the parameters (basis set, number Figure 3) . Given the consistent presence of this resonance for the three conformers it seems unlikely to be an artefact of our improved calculation. As we will see later, the resonance can be correlated to DEA products. Also present in conformers II-B and II-A is a very wide feature centred in the energy range 9.5-10.5 eV that is consistent with that found in conformer I and that could indicate the presence of one or two shape resonances. The results for the three conformers are summarized in Table II .
At CC level, we identify in the time-delay three resonant features at 3.16, 6.50 and 10.45 eV, (these resonances are clearly visible in the elastic cross section in Figure 5 ) that correspond to the resonances discussed so far. The second resonance identified by us (at 6.5 eV in the CC calculations) has not been described by earlier theoretical work, but anion yields in DEA experiments can be linked to it (see next section). The resonance, of mixed shape core-excited character, is clearly visible in the inelastic cross section. Another resonance is present around 7.05-7.15 eV: we have been unable to fit the time-delay and provide a more accurate position or a width.
The resonance is, clearly, fairly narrow and is visible in both the inelastic and elastic cross sections; it could have mixed character or be a Feshbach resonance associated to the 2 1 A state at 7.197 eV in our calculations.
Three resonances are present in the 8-9 eV energy range, the higher two overlap signif-
icantly. These resonances are visible in the inelastic cross section but not the elastic one.
We believe these are core-excited shape resonances and we cannot provide a width for them.
Another resonance visible in the inelastic cross section (and also, though less clearly, in the elastic one) is present at 9.82 eV. No target excited states are present in this energy range in our calculations, so the resonance is probably be associated to one of the states around 8.2-8.3 eV and it's a core-excited shape resonance. 
C. Link to DEA results
Ptasińska et al. 8 identified 9 anions in their DEA spectrum, the most abundant of which was the dehydrogenated alanine. They linked all the observed DEA peaks to three resonances: the well known π * shape resonance, and two core-excited resonances around 5.5 and 9 eV they hypothesise are associated to the first and second excited states of alanine. The first peak in their signal for the dehydrogenated alanine anion is at 1.27 eV, the same position found by Scheer et al.. 10 whereas Vasil'ev et al. 9 locates the peak at 1.2 eV. All other anions produced also display peaks in their signal at similar energies (except the dehydrogenated alanine for which there is no peak around 9 eV). Taking into account the fact that our resonances appear at higher energies due to an incomplete description of polarization effects, there are two resonances that could lead to DEA in the 5-6 eV range:
one located at 6.5 eV (6.14 eV in our SEP calculations) and the other one at 7.05-7.15 eV.
Both these resonances are relatively narrow (widths of 0.07 and <0.1 eV respectively). In the case of the anion production in the 8.8 to 9.6 eV energy range, we think it is either related to the pure shape resonance we locate at 10.45 eV in our CC calculations (but are unable to identify in the SEP calculations) or to the mixed character resonance we locate at 9.8 eV.
V. CONCLUSIONS
R-matrix calculations have been performed for electron collisions with alanine at the SE, SEP and CC levels of approximation. This has enable us to provide the first computational description of the core-excited resonances of this molecule.
The known pure shape π * resonance is well described at every level of approximation and in good agreement with the earlier calculations. ETS experiments locate it at least 0.7 eV below. Agreement between different calculations and methods is poorer for the second shape resonance located at 9-10 eV.
Seven core-excited resonances have been identified but, due to the lack of symmetry of alanine, it has only been possible to determine the widths of some of them. Use of the software TIMEDELn 32 could help improve the fit of the time-delays and provide a better description of these resonances. No attempt has been made to identify the parent states of the resonances. Among these is a mixed character resonance that we observe in our SEP calculations around 6-6.5 eV that has not been reported by others. We propose a link between DEA anion yields and some of our resonances.
We believe the resonance spectrum of alanine produced in this work is likely to be in- 
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